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Abstract 

In some extensions of the standard model with extended Higgs sectors, events from 
new particle production may pass the selection criteria for Higgs search in different 
channels at the LHC - 14 TeV and mimic Higgs signals. This intriguing possibility 
is illustrated by PYTHIA based simulations using several representative points in the 
parameter space of the minimal supersymmetric standard model (MSSM) including 
a point in the minimal supergravity model consistent with the Dark matter (DM) 
relic density data. Our simulations explore the interplay between the charged Higgs 
signal and typical squark-gluino events. We argue that the standard selections like the 
one based on the polarization properties of the r's from charged Higgs decay, though 
adequate for handling the SM background, may not be very efficient in the presence 
of SUSY backgrounds. We then propose an alternative search strategy based on pure 
kinematics which sufficiently controls both the SM and the MSSM backgrounds. For 
charged Higgs masses (H^) in the deep decoupling regime (600 GeV ~ mfj± ~ 800 GeV) 
this method works well and extends the LHC reach close to 800 GeV for an integrated 
luminosity of 30 fb^^ with or without the SUSY background. For a lighter charged 
Higgs a judicious combination of the old selections and some of the cuts proposed by us 
may disentangle the Higgs signal from the squark-gluino backgrounds quite effectively. 

PACS no:12.60.Jv, 12.60.Fr, 14.80. Cp. 

1 Introduction 

The Standard Model (SM) has a single neutral Higgs scalar in the spectrum. In contrast 
many extension of the SM have multiple Higgs bosons, both charged and neutral. Thus the 
discovery of at least two neutral Higgs bosons and / or a single charged scalar would unam- 
biguously indicate physics Beyond Standard Model (BSM). Search for these particles playing 
pivotal roles in electroweak symmetry breaking is, therefore, a high priority programme at 
the Large Hadron Collider (LHC) running at 14 TeV. 

Almost all the models with an extended Higgs sector have particles other than the quarks 
and leptons in the SM. They are expected to be produced at the LHC. The question that 



naturally arises is whether new particle production would create some final states which may 
pass the selection criteria designed for Higgs search for taming down the SM background 
only. The " Higgs signal" at the end of the day then would be an admixture of genuine Higgs 
events and the "new physics" backgrounds. It is therefore important to improve the search 
strategy which eliminates the SM as well as new backgrounds without paying too much price 
for the Higgs signal. 

A case in point is models with supersymmetry (SUSY) [1]- one of the most well motivated 
extension of the SM. The Minimal Supersymmetric Standard Model (MSSM) has two neutral 
scalars {h and H), one neutral pseudo scalar (A) and two charged scalars (H^) in the Higgs 
sector [1, 2]. The prospective signals from these bosons at the LHC have been studied in 
great details [2, 3, 4]. It needs to be emphasized that in addition to these bosons other 
superpartners of the SM particles, collectively called sparticles, will inevitably be produced, 
if they are within the kinematic reach of the LHC. Among the large variety of SUSY events 
there are quite a few sharing some or all features of one or more typical Higgs signals. 
The following intriguing question is then, can these events obfuscate the Higgs signal? The 
extreme case being events from the non-Higgs sector of the MSSM faking some MSSM Higgs 
signals even though the latter is too weak to be observed at the LHC- at least during the 
early runs. It is then important to improve the purity of the Higgs signal by introducing 
additional selection criteria which will suppress both SM and SUSY backgrounds. Now the 
issue is whether these additional cuts retains most of the Higgs signal without affecting the 
discovery potential at the LHC. 

In order to illustrate the possible impact of SUSY events on non-standard Higgs signals, 
we simulate the charged Higgs signal in the MSSM in the channel gb — ?> tH^ + c.c, H^ — t- 
r~ + Ut- using the event generator PYTHIA [5] along with squark-gluino events. The final 
state of interest is one tagged r jet, one tagged b jet and missing transverse energy {fir)- In 
addition we require one reconstructed W and one reconstructed top quark. This signal has 
been studied by several groups [2, 3, 4, 6]. However, the selection criteria were designed to 
tame the SM background alone. These analyses are, therefore, valid only if all sparticles are 
very heavy with negligible production cross sections at the LHC. 

It is clear that SUSY events with tagged b and r jets in the final state are potentially 
the most dangerous BSM background. Obfuscation of the Higgs signal will be even more 
serious if the events contain reconstructed t quarks and W bosons - either genuine or fake. 



To demonstrate the interplay between the two sectors of the MSSM, we have chosen several 
points in the parameter space (see Section 2). Some of them are almost tailor made for 
mimicking the Higgs signal and we showcase our point with these examples. We then change 
one or more key features of the parameter space considered to show that the interplay 
happens over a much wider parameter space. 

We have mostly worked in the unconstrained MSSM without invoking any assumption 
regarding the boundary conditions at a high scale (say at Mg). However, we have also 
analyzed one mSUGRA scenario [7] with r — Xi coannihilation contributing to the DM relic 
density which turns out to be consistent with WMAP data [8]. This scenario also provides 
a large background to the charged Higgs signal. 

In Section 3 we present a thorough analysis of the charged Higgs signal as well as the 
SM and SUSY backgrounds and suggest kinematical cuts suitable for obtaining pure charged 
Higgs events while keeping the SM and the SUSY backgrounds at the minimal level. We 
also briefly study the response of charged Higgs events to selection criteria for squark-gluino 
search. 

The summary of the paper and the conclusions are in Section 4. 

2 The SUSY scenarios 

We begin with a MSSM parameter space with rriq > nig, where the subscript q refers to 
squarks of both L and R-types belonging to the first two generations. Thus gluino decays 
are dominated by the modes g — ?> f^f^ , where fsi^fs) denotes a third generation quark 
(squark) i.e, t ot b {t or b). Moreover /s is assumed to be significantly lighter than q. This 
is well motivated since the lighter mass eigenstates ti and 6i are lighter than the g's in 
general due to mixing in the third generation squark mass matrices. This assumption is 
especially appropriate for the bi since tan/3 is large in scenarios with favourable production 
cross sections for the charged Higgs boson. Thus squark-gluino events will surely contain 
quite a few hard taggable 6-jets and genuine top quarks. 

In the chosen parameter space the lighter chargino (xi ) and the second lightest neu- 
tralino {X2) dominantly decay into two body decay channels, Xi ~^ ^i^^X^ ~^ ^i'T-i since fi, 
like 61 is also naturally lighter than the other charged sleptons (e, jl) at large tan/3. This 
leads to an abundance of taggable r -jets in the final state. 



Throughout this paper we compute the SUSY spectra from MSSM inputs using SuSpect 
v2.3 [9], which takes into account radiative corrections to the sparticle masses. We fix 
tan/3 = 40 and /i = 500 GeV. In this section all masses, mass parameters and variables with 
dimensions of mass are in GeV. For simplicity we assume Mi and M2, the U(l) and SU(2) 
gaugino masses, follow the relation Mi = O.5M2, which is the typical expectation in models 
with a unified gaugino mass in the electroweak sector at a high scale. But we assume M3, 
the SU(3) gaugino mass to be a free parameter not related either with Mi or M2 by any 
unification relation. We shall, however, vary M3 such that M3 > M2 and for some choices 
M3 also satisfies the unification condition. 

It bears recall that in the decoupling regime {mA (the pseudo scalar Higgs boson mass) 
^ mz) the lighter Higgs scalar (h) has properties identical to the SM Higgs boson. It is, 
therefore, imperative to discover at least one more Higgs boson to establish an extended 
Higgs sector. The task becomes more challenging if the additional Higgs bosons are heavy. 
In view of this we consider several values of niA ranging from (500-800), which leads to 
approximately the same charged Higgs mass since, m^i = 772^ + 'm^r (in the lowest order). 

In the first part of our analysis we do not employ any specific model. Instead we choose 
general MSSM parameters constrained by general requirements like absence of fiavour chang- 
ing neutral currents [10], stability of the scalar potential [11] etc. To begin with the following, 
masses are set to fixed values: 

nigj^ fl = 1000 + appropriate D — term, nig = 560, mg^ ^ = 303, m^;^ = 293. (1) 

From the input value of Mi = 150 we obtain following masses: 

m~o = 149, m~o = 298, m~+ = 298. (2) 

The masses for the 3rd generation sfermions are fixed by the following parameters: 

mt^^bL = 600, nib^ = 500, m^^ = 350, m^^ = 250, At = -900, ^ = -900, A^ = -500. (3) 

We first present our results for three choices of parameters SUSY I, II and HI characterized 
by m(-^=350, 400, 453 which along with eq. 3 lead to the spectra for the third generation 
sfermions in Table 1. In Table 2, we present the main decay channels of g, ti and bi squarks 
for the three scenarios in Table 1. The mass of the lighter top squarks increases as we go 
from SUSY I - HI. This drastically affects the gluino branching ratios (BRs) and number of 
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^2 
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^h 


rrif^ 


mf2 


SUSY I 


306 


677 


500 


630 


215 


378 


SUSY II 


353 


683 


500 


630 


215 


378 


SUSY III 


397 


690 


500 


630 


215 


378 



Table 1: Masses of 3rd generation sparticles. 

genuine t - quarks in the final state. In all cases, the dominant BRs of the X2 ^^^ Xi ^ire 
practically fixed at BR{xi — )■ TiV^-) = 0.91 and BR^xH ~^ ^1^) = 0.91. The first part of our 
analysis in the next section is based on SUSY I - SUSY III. 



Channels 


SUSY I 


SUSY II 


SUSY III 


g -)■ tit 


0.80 


0.61 
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g -^bib 


0.18 


0.38 


1.0 


h -^ xtb 


1.0 


0.40 


0.47 


ti ^ xit 
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0.60 


0.52 


h ^ x\b 


0.29 


0.34 


0.39 


h ^ x^5 


0.26 


0.31 


0.35 


61 ^ xit 


0.17 


0.20 


0.22 


61 -^ tiW 


0.27 


0.15 


0.33 



Table 2: BR of gluinos and 3rd generation squarks. 



In the next phase of the analysis we fix the masses of the third generation sfermions 
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as follows: m^^ = 755, m^^ = 980, m^^ = 751, m^^ = 1007, m^^ 
successively increase the gluino mass as follows, rrig = 790, 950, 1020, 1180 and 1345( SUSY 
IV - VIII) keeping all other parameters as in eq. 1 and 2. The first two choices (SUSY IV 
and V) correspond to rrig < rrig and the gluino still decays dominantly into third generation 
squarks. However, the fraction of final states with genuine t quarks decreases. Hence, the 
probability of the SUSY events faking the H^ signal should also decrease in principle. In 
practice , however, due to fake top reconstruction SUSY remains a potential threat to the 
charged Higgs signal (see Section 3). For rrig = 1020 (SUSY VI) the squarks and gluinos are 



nearly degenerate. Finally for the last two choices rrig > rrig and the gluino decays to squark- 
antiquark or quark- ant isquark pairs belonging to the first two generations open up. This 
further reduces the presence of b and t in the final state. Apriorily the SUSY background is 
expected to be even smaller. 

In addition to the above parameter spaces we also analyze the following mSUGRA point 
consistent with the DM data [8], 

mo = 230, mi/2 = 420, Aq = 0, tan /3 = 40, sign{iJ,) > 0. (4) 

The resulting mass spectrum is calculated using SuSpect [9] which gives for rrit = 173: 

mu^ = 918, mj^ = 922, m^i^ = 888, mj^ = 886, m^ = 977, m^^ = 788, 
mi^ = 849, m^-^ = 694, m^^ = 866, mg^ = 365, mg^ = 280, m/>^ = 356, 
rUr-^ = 182,171^2 = 370, m~o = 171, m~o = 323, m~+ = 322'mH± = 500. (5) 

In this scenario the relevant BRs are BR(^ — )■ tti)=20 %, BR(^ — )■ 66i)= 26 %, BR(xr — ^ 
rf z/^)= 95 % and BR(x2 -^ nr)= 94 %. The DM relic density calculated by microOMEGAs 
(v 2.0) [12] yields Qh"^ = 0.12. The neutralino bulk annihilation [13, 14] contributes 37% to 
the relic density whereas Xi ~ ^ coannihilation [14, 15] contributes 63%. 

In the following section we shall simulate the charged Higgs signal, the SM background 
and the SUSY events corresponding to the above choices of parameters. 

3 Simulation of the signal and the backgrounds 

At the LHC the dominant contribution to single charged Higgs production comes from the 
processes gb — t- tH^+ c.c and gg — ^ thH'^ + c.c. Both are related as they stem from 
gluon splitting [g — t- hb) inside a proton. They can, therefore, be regarded as two different 
approximation of the same physical process [16]. 

For simulating charged Higgs production with an event generator at the LHC, the process 
gh — 7- tH^ + c.c along with parton showering is considered if the additional b quark in the 
final state is not observable. The initial b-quark is considered as one of the five massless 
partons in the proton. In this approximation the hh pairs from the gluon splitting belong to 
the region of the phase space where both are coUinear with the gluon. The resulting large 



logarithms due the massless b-quarks can be consistently absorbed into the corresponding 
parton density function (PDF). This gives a well defined leading order cross section. 
We have simulated the leading order (LO) process, 

gb -^ tR- + c.c (6) 

with the top decaying hadronically: t — )■ bqq' and the charged Higgs into the r — u^ channel: 
H — 7- t^Ut-. This leads to a final state consisting a single r-jet, 6-jet accompanied by missing 
energy due to the neutrinos and jets. We use PYTHIA [5] to simulate the signal in eq. 6. 
The cross sections are estimated setting both renormalization and as well as factorization 
scale, fiR = fip = s and using CTEQ5L PDFs [17]. In the next to leading order (NLO) 
process the K factor for the signal process is ~ 1.5 [16]. 

The dominant SM backgrounds are due to the top pair production and QCD events with 
jets mis-tagged as r-jets. We estimate these background along with the SUSY backgrounds 
arising from squark-gluino events. The LO cross section for ti is obtained using CalcHEP 
[18] (version 2.3.7). We require one top to decay hadronically and the other into a r and a 
neutrino along with a b quark. 

The cross section for QCD has been computed by PYTHIA in two bins: (i)400 < p^r < 
1000 and (ii)lOOO < pr < 2000 GeV. The corresponding cross sections are 2041 pb and 10 pb 
respectively. The contributions from other bins are negligible. Both the above cross sections 
are orders of magnitude larger than the signal cross sections (see Table 3) and suitable 
kinematic selection will be invoked to suppress them. 

Using ALPGEN [19] we have also considered the background from from 14^ + 3 jets , 
where all possible jet combinations including a bb pair and a light jet have been considered. 
This background, however, is not very serious (see Table 3). 

In our simulation using PYTHIA we have taken into account the effects of initial and 
final state radiation as well as fragmentation and hadronization. A simple toy calorimeter 
simulation has been implemented with the following criteria: 

• The calorimeter coverage is |?7| < 4.5 with segmentation of At] x A0 = 0.09 x 0.09 
which resembles a generic LHC detector. 

• A fixed cone algorithm with AR = y/Ai]'^ + A0^ = 0.5 has been used for jet finding. 

• Jets are ordered in Ex with -Ej-'^mm = 20 GeV. 



b- jet identification: 

We have tagged 6-jets in our analysis by the following procedure. A jet with |?7| < 2.5 
corresponding to the coverage of tracking detectors matching with a i?-hadron of decay 
length > 0.9 mm has been marked tagged. This criteria ensures that single 6-jet tagging 
efficiency (i.e., the ratio of tagged 6-jets and the number of taggable 6-jets) e^ ~ 0.5 in ti 
events. 

r- jet identification: 

Taus are identified through their hadronic decays producing narrow jets with 1 or 3 
tracks pointing to the jets. We have defined a narrow signal cone of size ARs = 0.1 and 
an isolation cone of size ARj = 0.4 around the calorimetric jet axis. We then require 1 or 
3 charged tracks inside the signal cone with \ritrack\ < 2.5 and Pt > 3 GeV for the hardest 
track. We further require that there are no other charged tracks with Py > 1 GeV inside 
the isolation cone to ensure tracker isolation. 

Top quark reconstruction: 

We reconstruct one top quark following the procedure of [20] summarized below. First 
we compute the invariant mass of any two jets which are not tagged as 6-jets or r-jets, to 
reconstruct a candidate W. Further each tagged 6-jet is combined with a candidate W to 
obtain a candidate top quark. For each candidate a Xtop is defined: 

where mw = 80.42 GeV and rrit = 173.1 GeV are world averages of 1^-boson and top quark 
masses and m^'^ and m[^'^ are reconstructed masses of W -boson and top quark candidates 
respectively. We have implemented x^ minimization procedure assuming a spread of 15 GeV 
and 25 GeV for the reconstructed W and top candidates respectively. These numbers have 
been determined using Monte Carlo (MC) informations of jets originating from the decays 
of ly-boson and top quarks respectively. 

Finally from MC information we have required minimum value of x^ ioi an acceptable 
event to be less than 8. This choice yields good efficiency for the reconstructed top in ti 
event. 

The following selection criteria (SC) similar to those used in [21] have been used for 
rejection of the SM background: 

• We have required only one tagged 6-jet (Cut 1). 



• We have asked for one identified r-jet (Cut 2). 

• Events should have one detected r-jet with E^~-^^ > 100 GeV (Cut 3). 

• Events should have missing transverse energy ^t > 100 GeV (Cut 4). 

• We require at least three jets in addition to one extra r jet in the event (Cut 5). 

• We require one reconstructed top as described above (Cut 6). 

• We have also investigated the azimuthal opening angle in the transverse plane between 
the r-jet and the ^t vector. We have selected events with A0(r — jet, ^t) > 60° (Cut 

7). 

Table 3 shows the cumulative efficiencies of the Cuts 1-7 for mH± = 500, 600, 700, 800 
GeV and tan/3 =40 along with the ti and QCD backgrounds. The W + jets backgrounds 
are not shown as they are negligible. Notice that in all cases except for the QCD background 
background, about 50% of events have only one tagged 6-jet. Moreover, for all m/^±, the 
overall efficiencies of the cuts for the signal are roughly the same (~ 5 — 6%) , where as for 
the background it is about 0.015%. The tt background is mostly killed by the strong cut on 
the Et of the r-jets as the r-jets originating from the charged Higgs in the decoupling regime 
are indeed much harder. The final cross section x efficiency (ei) for all types of events after 
Cuts (1-7) are also presented (the appropriate BRs are included in ei). They lie in the range 
0.8 - 4.2 fb. The corresponding number for the total SM background is 23.5 fb. 

As is well-known, the above cuts are inadequate to establish the charged Higgs signal, 
even if the SUSY background is negligible. For example, corresponding to mH±= 500 (700) 
GeV which yields the largest (the third largest) signal cross section the significance ( -j^) is 
4.75 (1.58) for Cm = SOih'^ . 

In Table 4 we present the cross sections and efficiencies for squark-gluino events computed 
by [18] for the three model parameter spaces in Table 1, subject to the same set of cuts. It 
should be borne in mind that the SUSY spectrum are the same for the three sets except for 
rrif:^ . We note that the final cross section of the SUSY events is significant in all cases. In 
fact they are comparable to the ti background and even the weakest among them is larger 
than the signal for all mH±. 

As discussed in Section 2, the number of genuine top quarks in SUSY III events is much 
smaller compared to the ones in SUSY I and SUSY II. Yet we find from Table 4 that the 



efficiency of getting one reconstructed top candidate is fairly high for all the SUSY scenarios 
under consideration. This implies that due to combinatorial backgrounds significant number 
of fake top candidates are being reconstructed even in SUSY III. 

We have also repeated the analysis using the t-reconstruction prescription of [21]. Our 
method yields better top reconstruction efficiency for the H^ signal. However, the procedure 
of [21] also yields sizable SUSY backgrounds via fake t-quarks in squark-gluino events. 

The simultaneous presence of the Higgs and SUSY events leads to several interesting 
conclusions although some of them could be misleading, as we shall see below. After the 
ffist set of Cuts (1-7) together they can show up as a clear indication of BSM physics standing 
over the SM background although, as already noted, the Higgs events by themselves are not 
statistically significant. It is also important to note that this will also disfavour a two Higgs 
doublet extension of the SM with a charged Higgs of comparable mass and BRs. 

It follows from Table 3 and 4 that for mfj± = 500 GeV and SUSY I the significance 
of the combined BSM signal is 7.5(13) for Cmt = 1 (10)fb~ . If we consider the smallest 
contribution from the SUSY events (SUSY HI), the significance is still 5.8 at Cmt = 10fb~ . 
Thus the BSM physics can be established at early stages of the LHC experiment although 
the final state will be an admixture of Higgs and squark-gluino events. 

For mH± = 500 (800) GeV and SUSY I (HI) Higgs events can be as large as 27% 
(17 %) of the number of SUSY events. However, there are cases where the SUSY events 
simply dwarf the tiny presence of the Higgs. Consider, for example, SUSY II and mH±= 800 
GeV, which corresponds to the weakest Higgs signal. Nevertheless, the significance of the 
combined signal is 6.5 for Cmt = lOfb" . This example clearly demonstrates that even if the 
Higgs signal is negligible, SUSY events alone can masquerade as the charged Higgs signal. 
Additional selection criteria are, therefore, called for to disentangle the two types of events 
and con&m the Higgs signal. 

It is known for a long time that the kinematic distribution of the decay products of 
polarized r-leptons can be exploited in new physics search [22, 23]. In conjunction with the 
standard cuts (Cuts 1-7), r-polarization is very effective in suppressing the SM backgrounds 
relative to the charged Higgs signal (for both mfj± < rrit and 'mfj± > rrit) in the t — u^- channel 
[22]. The SM background being suppressed is mainly due to the decay from W -^ rur- The 
main reason is that the polarization of the r's in the charged Higgs decay {Pt= +1) and W 
decay are opposite. As a result the decay products of the r's originating from the charged 
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Higgs have very different energy distribution than their counterparts stemming from W-decay 
. In fact most of the subsequent analyses [3, 4, 21, 24] have exploited this feature to improve 
the significance of the Higgs signal. In addition it also eliminates the QCD background very 
effectively. 

However, cuts based on r-polarization may not be very efficient in presence of SUSY 
backgrounds which is at the focus of interest of this paper. The energetic r's in the squark- 
gluino decay cascades, which passes the selection criteria, mostly arise from the decays of 
fi's (fi — !> TXi)- The polarization of these r's may have a wide variety depending on the 
composition of fi and the lightest supersymmetric particle (LSP) [25]. For example, if ri is 
dominantly a t/j and the LSP is bino like, the polarization of a r in SUSY cascades will be 
identical to that of a r arising from charged Higgs decay. This is true for all the parameter 
spaces considered by us. In fact it has already been noted [26] that the polarization of the 
r's in the squark-gluino decay cascades are dominantly with Pj. ^ +1 in the mSUGRA type 
of model. This property enhances the SUSY signal in the interesting region of parameter 
space where LSP- ri coannihilation [15] can generate the DM relic density of the universe. 
In general, however, the fi may be an admixture of both fi and r^. But even in this case a 
significant fraction of the r's will pass the selection criteria. 

The observations in the last paragraph can be justified by the sparticle spectra and BRs 
presented in the last section. For example in SUSY I tit* pair production has a significant 
cross section (3.3 pb) in SUSY I. The ti decays into bxt with 100% BR. The xt dominantly 
decays into r^^z/r (BR = 91 %). Thus the highly energetic r's in this decay chain come from 
fi decay. A small fraction of the rs come from the decay of xt ~^ Vt-t^ followed by the 
invisible decay of V^ into VtX\- These r's are rather soft because of the small mass difference 
between xt ci-nd Vj. and fails to survive the strong cut on the Et of the r-jet. 

Gluino pair production also has a large cross section (4.6 pb). From Table 2 it follows 
that gluino decays dominantly into tit pairs. As already discussed energetic r's will come 
from ri decay cascade. The r's from W-decay are killed by the strong Et cut (Cut 3). 

Of course a small fraction (18%) of the gluinos decay into hih. From Table 2 we can see 
hi decays into ^h with BR(26%). Here xH decays into fir with large BR(90%). Most of the 
primary r in these decays are removed by Cut 3 as already noted. The secondary r's from 
fi follows the polarization pattern as noted above. Similarly the decay chain hi — )■ Xi'^ yield 
energetic r's with polarization properties as noted above. The other significant decay modes 
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of bi {x^b and tiW) either yield no r's or dominantly positively-polarized r's. 

In SUSY I the squarks of first two generations decay mainly into quark- gluino pairs. For 
example, ul decays primarily into gu with BR(78%) and xtd with BR(13%). As elaborated 
above the gluino and chargino decays will mainly lead to r's with P^ = + 1. The u^ decays 
primarily into gu with BR(95%) and Xi^ with BR(5%). Thus energetic r's in the squark 
decay chains will also yield right handed polarized jets. 

Applying similar chains of arguments to other SUSY scenarios (SUSY II -VIII) considered 
in this paper, it is easy to see that in all cases the required energetic r-jets dominantly come 
from fi decays and has P^- ^ 1. 

To roughly estimate the possible impact of the SUSY background on the Higgs signal, 
we note from Tables 1 and 2 of [21] that the significance of the signal for mH± = 600 GeV 
against a SM background of 0.22 fb after Cuts 1-7 and the r-polarization cut is 5.6 at 
Cint = 30fb~^. If we assume that approximately all ( 50%) of the weakest background from 
SUSY III is retained after the r-polarization cut, the significance reduces to 1.2 (1.6) for 30 

In lieu of r-polarization we, therefore, add two more generic cuts which does not depend 
on the compositions of the sparticles. Instead they essentially depend on the kinematics 
of the decay of a heavy Higgs. In order to motivate these cuts we present in Fig. 1 the 
distributions of the Et of the r-jets and ^ (after Cuts 1-7) in the Higgs, SUSY and SM 
events. Fig. 1 suggests that a stronger ^ cut removes the SM backgrounds efficiently while 
the stronger cut on the r-jet Et suppresses both SM and SUSY backgrounds, while retaining 
bulk of the signal. 

The new kinematical selections are: 

• A more stingent cut on r-jet momentum, E^~-'^ > 180 GeV (Cut 8). 

• A stronger ^ cut, pr > 260 GeV (Cut 9). 

We present the cross sections after Cuts 8 and 9 for the signal (Table 3) along with 
the SM (Table 3) and the SUSY backgrounds(Table 4). In all cases €2 is the combined 
efficiency of the Cuts 1-9. The QCD background is eliminated. The ti background is ~ 
2.1 for Cint = 30 fb~^. The number of signal events for this Cmt for mH± = 500, 600, 700 
and 800 GeV are 8.1, 14.1, 13.5 and 10.2 respectively. In the absence of SUSY backgrounds 
these cuts are adequate for establishing the charged Higgs signal for 'mfj± > 500 GeV. For 
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Figure 1: The distributions (normalised to unity) for signal (blue), SUSY (red) and SM 
(black) of pr (left) and E^~-''^ (right) after selection Cuts 1-7. Here mH± = SOOGeV. 

mH± ~ 500 GeV higher luminosity may be required inspite of the larger production cross 
section, since the Cuts 8 and 9 are less efficient. We finally note that this generator level 
analysis indicates that the reach in mH±, in the absence of SUSY backgrounds, is at least 
as good as that obtained in earlier works, if not better. 

It also follows from Tables 3 and 4 that the new cuts improve the fraction of Higgs event 
compared to the SUSY events in the combined BSM signal. For example, corresponding 
to mH± = 500 (800) GeV and SUSY I (III), Higgs events can be as large as 32% (180 %) 
of the number of SUSY events. The modest increase of the signal relative to the SUSY 
background for mH± = 500 GeV, suggest that this selection procedure though very effective 
in the decoupling regime may not work for a lighter charged Higgs. 

However, even after the new cuts the Higgs signal is substantially contaminated by the 
squark gluino events in some cases. For example the significance of the Higgs signal for 
mH± = 600 GeV and SUSY I (HI) is 2.7 (5) at Cmt = 30fb~ when the total background ( 
SM + SUSY) is taken into account. 

To increase the purity of the Higgs signal we further require that 

• Njet < 6, where, Nj^t is the number of jets in an event (Cut 10). 
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Figure 2: The distributions (normalised to unity) for signal (blue), SUSY (red) and SM 
(black) of Meff after Cuts 1-7. 

This cut reflects the fact that the jet multiplicity in SUSY events is in general larger than 
that in the Higgs signal. In Tables 3 and 4, the total efficiency after Cuts 1-10 is presented 
by 63. Cut 10 practically eliminates the ti events but some SUSY backgrounds remain (see 
Tables 3 and 4). 

We present in Table 5 the significance for different mH± taking into account the largest 
SUSY background (SUSY I) at C^ = 30fb-\ The signal is observable for 600 ^ m^± < 800 
GeV. For mH± = 500 GeV the signal will be observable at Cmt = 50fb~ . This again shows 
that this search strategy is more potent for mH± in the deep decoupling region. We shall 
comment on lower Higgs masses in the following. 

The number of jets in an event depend on the parton showering model of PYTHIA. This 
has not been tested in the LHC enviornment. We have, therefore, attempted some other 
selection criteria and combination thereof. 

Since the signal is not expected to have many isolated hard leptons (e,/i), one can veto 
events with a lepton with P^''^ > 15 GeV and \ri\ < 2.4 having ARpet,lepton) > 0.5. 
However this does not improve the significance of the signal, see Table 5. 



In Fig. 2 we present the distribution of Me//, where Me// = |^| -|- Sj|Pj 



l^i\rrp 



(/ = e, fj,) , for Higgs, SUSY and SM events. Fig. 2 suggests that a cut Me// < 800 GeV 
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Signal mH± (GeV) 


tt 


QCD 


W + 3j 


500 


600 


700 


800 




a(pb) 


0.67 


0.36 


0.20 


0.12 


492 


2042 


46.65 




Selections 
















Cut 1 
Cut 2 
Cut 3 

Cut 4 
Cut 5 

Cut 6 

Cut 7 


lb- jet 

1 r - jet 

Elf'"' > 100 

GeV 

^r > 100 GeV 

Njet > 

3 (except r-jet) 
1 recon- 
structed top 
A0(r 
jet,f)r)>QO° 


0.539 
0.210 
0.142 

0.118 
0.076 

0.054 

0.051 


0.540 
0.216 
0.158 

0.137 
0.089 

0.061 

0.058 


0.545 
0.219 
0.169 

0.152 
0.098 

0.066 

0.064 


0.546 
0.218 
0.172 

0.157 
0.102 

0.069 

0.067 


0.486 
0.112 
0.0086 

0.0023 
0.0021 

0.0015 

1.5x10^4 


0.0745 
0.0017 
3.7x10-5 

7.7x10-5 
6.1x10-5 

9.0x10-6 
6.0x10-6 


0.266 
0.005 
4.6x10-^ 

9.5x10-5 
8.2x10-5 

2.1x10-5 




a X ei (fb) 


4.2 


2.5 


1.4 


0.8 


11.2 


12.3 


- 


Cut 8 
Cut 9 


Ef^'' > 180 

GeV 

fir > 260 GeV 


0.025 
0.0033 


0.036 
0.011 


0.045 
0.020 


0.050 
0.028 


2.2x10-^ 
1.0x10-6 








a X 62 (fb) 


0.27 


0.47 


0.45 


0.34 


0.07 


- 


- 


Cut 
10 


Njet < 6 


0.0028 


0.0095 


0.0181 


0.0251 


— 


— 


— 




0- X es (fb) 


0.24 


0.41 


0.40 


0.30 


- 


- 


- 



Table 3: The signal for different mH± at tan(3 = 40 and the SM backgrounds subjected to 
different selection criteria. 

would further suppress the SUSY background. This affects the signal to a extent larger 
than Cut 10 but practically eliminates the SUSY background. The corresponding number 
of background free signal events at Cint = 30fb-^ have been presented in Table 5 and does 
not look very attractive. 
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A tighter cut Nj^t < 5 gives a more promising background free signal size. This looks 
even more attractive if the next to leading order cross section with a /T = 1.5 is used. Similar 
results have been obtained by combining the lepton veto and Nj^t < 6 criteria. 







SUSY I 


SUSY II 


SUSY III 




a(pb) 


12.2 


10.1 


8.9 




m. (GeV) 


306 


353 


398 




Selection Criteria 








Cut 1 


1 h - jet 


0.32982 


0.31205 


0.24578 


Cut 2 


1 r - jet 


0.04088 


0.03905 


0.02912 


Cut 3 


E^f^'' > 100 GeV 


0.00384 


0.00379 


0.00381 


Cut 4 


^T > 100 GeV 


0.00322 


0.00294 


0.00323 


Cut 5 


Njet > 3 (except r-jet) 


0.00308 


0.00281 


0.00309 


Cut 6 


1 reconstructed top 


0.00220 


0.00204 


0.00166 


Cut 7 


A^{t- jet, :^)> 60° 


0.00129 


9.1 
xlO"^ 


8.5 
xlO-^ 




cr X ei (fb) 


15.7 


9.2 


4.7 


Cuts 


E^^^'' > 180 GeV 


2.0x10"^ 


1.9x10"^ 


1.3x10"^ 


Cut 9 


^T > 260 GeV 


7.0x10-5 


8.0x10-5 


3.0x10-5 




a X €2 (fb) 


0.85 


0.80 


0.19 


Cut 10 


Njet < 6 


1.0x10-5 


1.0x10-5 


1.0x10-5 




a X eg (fb) 


0.12 


0.10 


0.09 



Table 4: The SUSY background for the sample points in Table 1. 

We next increase m~ to 275 GeV ( the earlier choice was 215 GeV) and re-calculate 
the SUSY background keeping the other parameters in SUSY I fixed. There is a tread- 
off between the reduction in the number of final states with r's (e.g., BR{xt -^ '^t^r) 
now becomes 0.60 only) and the increased efficiency of Cut 8. Finally, however, the SUSY 
background increases substantially compared to SUSY I { a x e^ = 0.37 fb). Thus SUSY 
remains a potentially dangerous background for a wide variety of ?7i~ , as long as the lighter 
electroweak gauginos decay with large BRs into final states involving hard, taggable r-jets. 
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Cuts 


mH± (GeV) 


500 


600 


700 


800 




s/Vb 


Njet < 6 
iV/ep =0 


4.0 
2.0 


6.5 
3.6 


6.3 
3.4 


5.0 

2.5 




Background free number of signal events 


Meff < 800 
GeV 

N,et < 5 

Niep =0 and 

N,et < 6 


5 

6 
6 


7 

10 
11 


5 

10 
10 


3 

7 
7 



Table 5: The significance of the Higgs signal or the number of background free signal events 
for different selection criteria at Cmt = 30fb~^. The background is SUSY I. 



So far our analyses were based on leading order cross sections for the signal and the back- 
grounds. It is worthwhile to estimate the possible impact of NLO cross sections. As already 
noted the K- factor for the charged Higgs signal in the NLO is 1.5 [16]. The corresponding 
number for the tt is ^1.6 [27] . Assuming that the efficiencies do not change drastically at 
the NLO , the significance of the Higgs signal with respect to the SM increases slightly after 
Cuts 8 and 9 (compare with Table 3). The incorporation of the K- factor for squark-gluino 
production which, in this case is 1.3 - 1.4 [28] , may marginally increase the final significance 
of the signal vis a vis the SUSY background in Table 5. 

We now present the SUSY backgrounds for different gluino masses (see Section 2) with 
a motivation to probe the m^"'^ beyond which the SUSY contamination in the H^ signal 
is negligible. In Table 6, we display the raw cross sections and as well as effective cross 
sections {a x ej). The first two cases, SUSY IV and V stand for nig < rriq where as last 
three scenarios, SUSY VI, VII, VIII correspond to rrig ~ rrtq. Obviously the cross section 
and number of genuine top quarks in the final states decreases with increasing gluino mass 
since g ^ qq channel open up with substantial branching fraction. As a result the size of the 
SUSY background decreases with increasing gluino mass. Yet in all cases SUSY remains the 
dominant background after Cut 9. After applying Cut 10 however, the SUSY background 
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is significantly reduced. Again for 600 ~ mH± ~ 800 GeV tlie significance is ~ 5 in all SUSY 
scenarios (IV -VIII). 





SUSY IV 


SUSYV 


SUSY VI 


SUSY VII 


SUSY VIII 


m^(GeV) 


790 


950 


1020 


1180 


1345 


a(pb) 


5.6 


3.8 


0.88 


0.61 


0.49 


a X ei(fb) 


5.9 


3.1 


1.5 


0.60 


0.38 


a X e2(fb) 


0.34 


0.30 


0.31 


0.12 


0.11 


a X e3(fb) 


0.11 


0.038 


0.079 


0.037 


0.049 



Table 6: The SUSY backgrounds for increasing rUg (see text for the details). 

As already noted earlier the above search stratrgy may not be the best for m/^± ~ 500 
GeV. The stronger Cuts (8 and 9) may highly suppress the signal. We suggest that the earlier 
procedure [2, 3, 4, 6] based on the polarization of the r-jets may be applied to suppress the 
SM background. However, this could leave behind a large SUSY background depending on 
the polarization property of r's appearing in the SUSY cascade decays. A cut like Njet < 6 
could then be implemented for bringing the SUSY background under control. It is already 
shown in Table 3 that one can implement this cut without paying too much price for the 
signal. 

Finally in Table 7 the result for a mSUGRA point motivated by the DM data point is 
presented. Since mH± = 500 GeV in this case the significance of the signal is rather modest 
as expected. We find the significance at Cint = 30 (100)fb~^ is 3.4 (6.2). 





mSUGRA point 


a(pb) 


1.5 


a X ei(fb) 


1.35 


a X e2(fb) 


0.45 


a X e3(fb) 


0.15 



Table 7: The SUSY background for a mSUGRA point motivated by DM data (see Section 
2)- 
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Selection Criteria 


0/ 


1/ 


1t + X 




Before all Cuts 


0.732 


0.240 


0.124 


Cut V 


^3etl,]et2 ^ ^^q q^^ 


0.063 


0.039 


0.065 


Cut 2' 


fk > 200 GeV 


0.084 


0.110 


0.197 


Cuts' 


Me// > 1000 GeV 


0.437 


0.471 


0.350 


Cut 4' 


Transverse sphericity > 0.2 


0.414 


0.541 


0.428 




cr X e4 (fb) 


2.03 


0.75 


0.69 



Table 8: The effective cross sections of 0/ , 1/ and It + X events subjected to Cuts(l' - 4') 
for mH± = 300 GeV. 

We now address the inverse problem. Namely, how the charged Higgs events may affect 
the canonical m-leptons + n-jets + /^t signatures of squark-gluino production. We have 
restricted ourselves to m = 0, 1. 

In our simulation leptons (/ = e,/i) are selected with Pt > 30 GeV and |?7| < 2.5. For 
lepton-jet isolation we require AR{l,j) > 0.5. The detection efficiency of the leptons are 
assumed to be 100% for simplicity. 

We have also looked into final states of the type It + X where X includes two or more 
hard jets but no e or /i or tagged r. Tagging of r jets are implemented according to the 
following procedure. 

Only hadronic r decays are selected. The r-jets with rj <3.0 are then divided into 
several Ex bins. A r-jet in any E^ bin is then treated as tagged or untagged according to 
the efficiency (e^) given in [29] Fig. 12.9 for a particular bin. 

We have implemented following selection criteria (see Chapter 13 of [4]): 

• We select events with at least two jets having P^ > 150 GeV (Cut 1'). 

• Events with missing energy (fir) > 200 GeV are selected (Cut 2'). 



Events with M^ff > 1000 GeV are selected, where M^jf 
(/ = e,/i) (Cut 3'). 



\m 



V I P^i I 



l^i\rrp I 



Only events with jets having St > 0.2, where St is a standard function of the eigen- 
values of the transverse sphericity tensor, are accepted (Cut 4'). 
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For m//± = 300 GeV the LO production cross section is 1.29 pb. In Table 8 we present 
the effective cross sections (ax €4) of 0/ , 1/ and Ir + X events after implementing the Cuts(l' 
- 4') for mH± = 300 GeV. Here H^ is allowed to decay in all possible modes. We find that the 
number of Higgs induced events for Cint = 10fb~^ are 20.3, 7.5 and 6.9 respectively. These 
numbers though numerically significant, are unlikely to affect the result of SUSY search. 
Our earlier analyses clearly suggest that the strong Me// (Cut 3') protects the squark-gluino 
signals from contamination due to Higgs induced events. The number of events for 0/ for 
mH± = 400, 500 GeV at C^ = 10 fb'^ are 22 and 18 respectively. 

4 Conclusions 

In many models with extended Higgs sectors there are varities of new particles. It is then per- 
tinent to ask how many events stemming purely from new particle production, can pass the 
slection criteria for Higgs search at the LHC, usually designed to remove the SM background 
alone. Such events ( "the new physics" background) if sizable in numbers will obviously obfus- 
cate the Higgs signal. Additional kinematic selection must, therefore, be carefully designed 
to suppress the new backgrounds while the bulk of the Higgs signal is retained. 

It should also be stressed that before these additional cuts the Higgs and the new physics 
events together may stand above the SM background and reveal BSM physics at early stages 
of the LHC experiment, using selection criteria quite different from the cannonical search 
strategies for new physics. 

We illustrate this very generic possibility by charged Higgs (H^) search in the MSSM 
taking into account the SUSY backgrounds from squark gluino events. In the decoupling 
regime {rriA ^ rnz) the lighter scalar (h) mimics the SM Higgs boson. The first step for 
establishing the extented Higgs sector of the MSSM would, therefore, be to discover another 
Higgs boson. The early discovery of the charged Higgs can adequately serve this purpose. 
The larger the rrij^, the more challenging the discovery would be. Our main analysis is 
focussed on charged higgs search in the deep decoupling regime with 500 < m_ff± < 800 
GeV). We also comment on the prospect of lighter charged Higgs search in the presence of 
SUSY backgrounds. 

There already exists in the literature several strategies to tame the SM background to 
the Higgs signal [3, 4, 21]. A variety of points in the MSSM parameter space with different 
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characteristics including a mSUGRA point consistent with the observed DM rehc density 
are considered (see Section 2) for samphng the SUSY backgrounds. The background events 
have a large number of taggable r-jets, b-jets and either genuine or fake reconstructed top 
quarks. 

At the first stage of our analysis, we implement Cuts 1-7 (see Section 3, Table 3) following 
[21]. They suppress the SM backgrounds quite a bit, but- as is well known- are not enough to 
establish a statistically significant Higgs signal without additional cuts. If SUSY backgrounds 
are also present, the Higgs signal will be swamped by the combined background ( see a x ei 
in Tables 3, 4, 6 and 7). On the other hand the combined Higgs and squark-gluino events 
in the scenarios considered by us would stand above the SM background and establish BSM 
physics using selection criteria quite different from that typically implemented for SUSY 
search alone. In fact the outcome of this analysis would also disfavour the two Higgs doublet 
extension of the SM with comparable charged Higgs mass and BRs. Yet the new physics 
events will be an admixture of Higgs and squark-gluino events with no clear evidence of the 
Higgs signal. 

In the standard analyses ignoring the SUSY background, the second stage consists of 
additional cuts which further suppress the SM background and establish the Higgs signal at a 
higher level of confidence. The polarization properties of the r's stemming from the charged 
Higgs decay are utilized in many analyses (see [23] and references there in). However, as 
argued in Section 3, the selections based on r-polarization may not be very efficient if SUSY 
backgrounds are present. 

In lieu of r-polarization we select a more generic set of cuts (Cut 8-9, see Table 3) which 
depends on kinematics rather than on the compositions of the sparticles. In the absence of 
SUSY backgrounds, the estimated reach for mH± on the basis of this generator level analysis 
would be close to 800 GeV for Cint = 30/6"^. A full simulation based on this alternative 
strategy would be welcome. 

The above cuts not only bring the SM backgrounds further down but also enrich the 
fraction of the Higgs induced events in the surviving sample ( see a x e2 in Tables 3, 4, 6 and 
7). But the SUSY backgrounds may still be too large for an unambiguous Higgs discovery 
as is illustrated by the above examples. In fact even if the charged Higgs signal is too low, 
the SUSY background can fake it by standing above the SM background. 

For selectively suppressing the SUSY events one has several alternatives. In Tables 3, 4, 
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6 and 7 we display the effect of a cut on jet multiplicity (Cut 10) based on the fact that this 
number in a typical SUSY event is generally larger than that in the Higgs signal. After this 
cut an almost pure Higgs sample is left behind ( see a x ea in Tables 3, 4, 6 and 7). 

In contrast if the size of the event sample remain practically unaltered after Cut 10, 
it would imply that no significant SUSY background was left behind after Cut 9. This by 
itself may be indicative of the nature of the SUSY parameter space. For example, scenarios 
with electroweak gauginos decaying via two body modes (see Section 2) into final states with 
energetic r-jets will be disfavoured. 

The significance of the Higgs signal with respect to the scenario with the largest SUSY 
background (SUSY I )is displayed in Table 5. For 600 < mH± < 800 GeV, the significance 
is > 5 for Cint = 30 fb~^. For mH± = 500 GeV, Cmt ~ 50fb~^ may be required. 

We have also discussed several alternatives for finally suppressing the SUSY background, 
(see Table 5). The corresponding significance ( or the number of signal events if the back- 
ground is zero) are also displayed in Table 5. It seems that the efficiency of the cut on 
jet multiplicity {Njet < 6 ) is marginally better. However, some selection criterion makes 
the signal background free according to our generator level calculation. If this conclusion 
survives a full simulation, then NLO cross sections would predict a signal size larger by a 
factor of 1.5 and the Higgs discovery could be made at a higher level of confidence. 

It follows from Table 5 that the above strategy does not look very promising for lighter 
Higgs bosons {mH± < 500 GeV). The main point is that for lower Higgs mass the r-jets are 
not sufficiently hard to pass the stiff E^ cut (Cut 8). In such cases - after the standard cuts 
- one may implement the r-polarization cut which is indeed effective in removing the SM 
backgrounds. Finally Cut 10 or some of its alternatives may be used to further suppress the 
SUSY backgrounds to give a pure Higgs sample. 

In conclusion we reiterate that the interplay between the Higgs and squark- gluino events 
could be relevant in principle for all Higgs (charged or neutral) search channels. More care 
in designing the selection procedure- keeping in mind the possible interplay between Higgs 
and squark-gluino events - for all the Higgs search channels is, therefore, called for. Since 
the key issue of electroweak symmetry breaking hinges on the Higgs sector this additional 
attention is indeed justified. 
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